A procedure has been developed for the purification of amine oxidase (E.C. 1.4.3.4) from etiolated pea epicotyls (Pisum sativum cv. Little Marvel). The enzyme is sensitive to copper chelating reagents and carbonyl reagents, but is not inhibited by sulfhydryl reagents. The purified enzyme has a molecular weight of 1.85 X 105, as determined by sedimentation equilibrium centrifugation, and has been shown to be specifically stimulated by phosphate.
Recent studies in this laboratory have indicated the possibility that IAA synthesis in Pisum could proceed through tryptamine and that the enzyme responsible for catalyzing this reaction could be purified (10, 14) . As part of an investigation of IAA biosynthesis in Pisum, an enzyme which forms IAA from tryptamine was purified and found to be an amine oxidase. In view of the wide interest in amine oxidases from mammals and the one amine oxidase purified from a higher plant, it was decided to characterize this enzyme for a further understanding of the plant enzyme and for a comparison with the mammalian enzymes.
Amine oxidase from plants was first purified and studied by Mann, who found that the enzyme was a pink, copper-containing protein which was sensitive to carbonyl reagents (12) . The visible absorption spectrum of this enzyme had an absorbance maximum at 500 nm (13) . This absorbance maximum could be shifted to lower wavelengths by incubation of the enzyme with substrate under anaerobic conditions or by incubation of the enzyme with copper-chelating reagents. These spectral shifts could be reversed by incubation under aerobic conditions in the first case and cupric ions in the second (9) . The enzyme was found to be active in catalyzing the oxidative deamination of a wide variety of substrates (9) . The purified enzyme had an s5,,0 of 7.7S, measured from sedimentation velocity centrifugation, and a molecular weight of 9.6 X 104, calculated from electron micrographs (9) . Recently, Yamasaki et al. (24) have shown that the binding of oxygen to amine oxidase from peas is dependent upon amine concentration.
Amine oxidase from bovine plasma has been studied extensively by Yasunobu and co-workers (21) (22) (23) Ethanol Fractionation. The clarified preparation was placed in a beaker immersed in a mixture of ice and salt at -7 C. Absolute ethanol, prechilled to -7 C, was added slowly with vigorous stirring until the solution was 10% (v/v) in ethanol. This solution was centrifuged, and the supernatant solution was made 36% (v/v) in ethanol. One hour after the final ethanol addition, the solution was centrifuged at 27,000g for 30 min. The precipitate was collected and dissolved in 100 ml of 50 mm potassium phosphate, pH 6.4. The dialyzed solution was clarified by centrifugation.
Phosphocellulose Chromatography. The dialyzed fraction which had precipitated between 10 and 36% ethanol was applied to a 2-X 12.5-cm column of phosphocellulose equilibrated with 20 mm potassium phosphate, pH 6.4. The column was washed with equilibrating buffer until the eluate had no further absorbance at 280 nm. The column was then washed with 50 mm potassium phosphate, pH 6.9, and eluate fractions of 2 ml were collected. The amine oxidase activity was associated with a pink bank of material eluted by this buffer. The active fractions were pooled, concentrated to 2 ml with a membrane concentrator (Amicon Corp.), and dialyzed against the elution buffer.
Phosphocellulose Rechromatography. The concentrated material was applied to another column of phosphocellulose (1 X 20 cm), equilibrated in the same manner. The column was then eluted with equilibrating buffer and fractions of 1 ml were collected. The fractions with highest specific activity were pooled. All physical measurements were made on this material. Sedimentation Measurements. Sedimentation velocity measurements were made in a Spinco model E analytical ultracentrifuge at 59,780 rpm using schlieren optics and Kodak metallographic photographic plates. Sedimentation coefficients were calculated as described by Schachman (17) . High speed sedimentation equilibrium experiments were performed according to the procedure of Yphantis (25) as described by Lindell and Stellwagen (1 1 ments were performed using the running gel as described by Davis, with the sample applied to the top of the gel as a 10% (w/v) sucrose solution (6) . Gel electrophoresis at low pH was performed according to the method described by Panyim and Chalkley (15) . Neutral pH gels were made using phosphate buffer instead of the tris-glycine buffer described by Davis (6) . Materials. The chemicals used in this study were obtained from the following sources: tryptamine hydrochloride and indoleacetic acid from Regis Chemical Company; dimedone, benzylamine, acrylamide, N, N,N',N'-tetramethylethylenediamine, and N,N'-methylenebisacrylamide from Eastman Organic Chemicals; protamine sulfate from Krishell Laboratories; cuprizone from K & K Laboratories, Inc.; neocuproine from G. F. Smith Chemical Company; phosphocellulose (Cellex-P) from Bio-Rad Laboratories; putrescine dihydrochloride from Calbiochem; and scopoletin from Mann Research Laboratories. Visking dialysis tubing was boiled in 1 mm EDTA before use.
RESULTS
Purification Procedure. The purification procedure is presented in Table I . This purification procedure results in an enzyme preparation which is homogeneous as determined by several hydrodynamic and electrostatic properties. In the final step two protein peaks are observed. One of these peaks represents enzyme of high specific activity and the other is enzyme of low specific activity. The latter is considered to be amine oxidase which has been partially modified by the purification procedure.
Using the spectrophotofluorometric assay, the enzyme purified by this procedure has the highest specific activity reported for pea amine oxidase. In addition, this enzyme will form auxin from tryptamine.
Sedimentation Measurements. Purified amine oxidase from pea epicotyls exhibits a single symmetrical boundary during sedimentation velocity centrifugation (Fig. 1) . From measurements of the boundary displac_ment with time of centrifugation, a sedimentation constant (s,.o. ,) was calculated to be 7.7S.
The molecular weight of amine oxidase was calculated from high speed sedimentation measurements by the method of Plant Physiol. Vol. 47, 1971 Yphantis (25) . A typical protein gradient at equilibrium is illustrated in Figure 2 . Assuming that the partial specific volume (v) of pea amine oxidase is the same as that calculated
FIG. 1. Sedimentation velocity (left) and electrophoresis (right)
patterns shown by amine oxidase from peas. The purified enzyme was sedimented in the Spinco Model E ultracentrifuge at 59,780 rpm. The solvent was 50 mm potassium phosphate, pH 6.4, and the protein concentration was 4.5 mg per ml. The photograph was taken 32 min after attaining speed. The electrophoretic pattern is for 50 gg of protein run at pH 9 for 16 hr at a constant current of 2 milliamps per gel. Electrophoresis. Purified pea amine oxidase migrates as a single band when subjected to zone electrophoresis in a polyacrylamide gel at pH 9 ( Fig. 1), 7 .4, and 3.4. Absorption Spectrum. Purified pea amine oxidase exhibits absorbance maxima at 279 nm and 490 nm and shows an inflection at 292 nm. The enzyme has an AJ1A. ratio of 1.84 and an extinction at 500 nm for a 0.1% solution of 0.145.
Kinetic Measurements. Amine oxidases show a broad substrate specificity (26) . This enzyme was investigated for its specificity towards several amines considered to be of possible biological importance. Diamines as well as monoamines are suitable substrates; the diamines putrescine and spermidine are most active as substrates (Table II) . Tryptamine oxidative deamination catalyzed by the enzyme was also measured by the Avena curvature bioassay. The Km for tryptamine as determined with the bioassay (Fig. 3 ) was 1.6 mm, which agrees reasonably well with the Km determined using the spectrophotofluorometric assay (3.2 mM). A oxidase from peas. Assays were performed using the spectrophotometric assay described in "Materials and Methods." Cuprizone and enzyme were allowed to react for 10 min before substrate was added to initiate the reaction; the chelator concentration was 0.1 mm and substrate concentration (benzylamine) was varied. Incubation with chelator (0); incubation without chelator (0).
of the enzyme is illustrated by the data shown in Figure 4 .
The cupric chelator, cuprizone, decreases the maximal velocity of catalysis but does not change the Michaelis constant. The cuprous chelator, neocuproine, has no effect. The presence of a carbonyl group at the active site is indicated by the complete inhibition of catalysis by hydroxylamine at 1 X 10`M and semicarbazide at 1 x 10 M. Dimedone did not inhibit catalysis below 1 X 10-2 M. Hydroxylamine and semicarbazide are general carbonyl reagents, whereas dimedone is specific for aldehydes (18) .
Some amine oxidases are considered to be sulfhydryl enzymes (7). The possible requirement of a sulfhydryl group for catalytic activity by the enzyme examined in this investigation was tested using reagents which are known to react with sulfhydryl groups. The data shown in Table III (Fig. 5) , and the Michaelis constant for substrate was the same in tris as in borate-phosphate buffer.
DISCUSSION
The procedure reported here results in a purified pea amine oxidase of a specific activity apparently 10-fold higher than previously reported. The high specific activity was measured by the spectrophotofluorometric assay which requires very small amounts of enzyme and which provides for decomposition of the H,O, produced by oxidative deamination. It is possible that the diluted enzyme and the removal of H,O, combine to give higher specific activities than can be obtained with the spectrophotometric or manometric assays.
The characteristics of this enzyme with respect to substrate specificity, sensitivity to cupric chelators and carbonyl reagents, and lack of sensitivity to sulfhydryl reagents are consistent with the previously reported characteristics for the enzymes from pea cotyledons and mammalian plasma. The visible spectra of all these amine oxidases are very similar. The pea amine oxidase was previously reported to have a molecular weight of 9.6 X 10'; however, this was estimated for an enzyme which had apparently been dissociated during preparation for electron microscopy (9) . The molecular weight of pea amine oxidase reported here is 1.84 X 10', which Table III 8.6 , with the assay volume, remaining constant at 3 ml. The buffer concentrations were all 80 mm and pH 8.6. Two microliters of enzyme preparation were added to start each reaction, and the initial velocity was followed with a Cary 14 spectrophotometer using the expanded scale slide wire with a full scale deflection equivalent to 0.100 absorbancy unit. 0: Tris; 0: glycine; A: bicarbonate; and A: borate.
Planf Physiol. Vol. 47, 1971 is consistent with the molecular weight reported for the mammalian plasma enzymes, and also consistent with the molecular weight estimation by Muir and Lantican for the enzyme which forms auxin from tryptamine (14) . The subunit composition and the partial specific volume have not yet been determined for the pea enzyme; however, they are expected to be similar to the mammalian enzymes.
The requirement of inorganic phosphate for maximal catalytic activity except in the presence of tris has not been previously reported. Dog kidney glutaminase is activated by phosphate. This activation led Sayer and Roberts to postulate that phosphate attaches to a cationic site on this enzyme, and that the glutamine amino group attaches to an anionic site on the phosphate (16) . They have suggested that this enzyme forms an E-P complex and then an E-P-S complex (where P represents phosphate, E enzyme, and S substrate). Failure to cover the cationic site also leads to rapid inactivation. The report by Yamada and Yasunobu that bovine plasma amine oxidase is stimulated by phosphate (21), which they attributed to an ionic strength phenomenon, raises the question of whether or not the requirement for phosphate might be a characteristic of all the amine oxidases or at least the class which are not flavoproteins. It is interesting to speculate that the phosphate stimulation is related to amine oxidase regulation of the levels of amines which interact with nucleic acids, and that either the level of inorganic phosphate or the phosphate groups on the nucleic acids might activate the enzyme. Certainly, further studies on phosphate binding to the enzyme and the site of phosphate binding would be helpful in extrapolation to the in vivo control of this enzyme.
